Abstract-Inverted metamorphic multijunction solar cells have been demonstrated to be a pathway to achieve the highest photovoltaic (PV) conversion efficiencies. Attaining high-quality latticemismatched (metamorphic) semiconductor devices is challenging. However, recent improvements to compositionally graded buffer epitaxy and junction structures have led to the achievement of highquality metamorphic solar cells exhibiting internal luminescence efficiencies over 90%. For this high material quality, photon recycling is significant, and therefore, the optical environment of the solar cell becomes important. In this paper, we first present recent progress and performance results for 1-and 0.7-eV GaInAs solar cells grown on GaAs substrates. Then, an electrooptical model is used to assess the potential performance improvements in current metamorphic solar cells under different realizable design scenarios. The results show that the quality of 1-eV subcells is such that further improving its electronic quality does not produce significant V o c increases in the four-junction inverted metamorphic subcells, unless a back reflector is used to enhance photon recycling, which would significantly complicate the structure. Conversely, improving the electronic quality of the 0.7-eV subcell would lead to significant V o c boosts, driving the progress of four-junction inverted metamorphic solar cells.
approaches involve using multiple substrates with different lattice constants to separately grow lattice-matched subcells using independent substrates. Then, the cells are combined through mechanical stacking or wafer bonding [1] .
The metamorphic growth approach pursues expanding the range of bandgaps achievable in multijunction solar cells by using different lattice constants in the same monolithic stack. Growing layers with different lattice constant generates elastic strain that, as the layers grow thicker, is released by the plastic deformation of the lattice. However, this deformation occurs in a controlled way, and the target lattice constants can be accessed by slowly relieving the strain during the growth of compositionally graded buffers (CGBs). This strain relief is achieved by the controlled introduction of dislocations, comprised of a misfit segment parallel to the layer interfaces and a threading segment that propagates through the above layers. The misfit segments largely relieve the strain, and the associated threading segments act as recombination sites when in photoactive layers and can lower solar cell performance. 60°glissile dislocations are preferable in CGBs because they allow the threading segments to glide, increasing the length of the associated misfit segments and reducing the total number of dislocations required to relieve a given strain. Ideally, all threading segments would glide to the sample edges. However, a residual threading dislocation density (TDD) is inevitable because the strain energy that drives dislocation glide decreases as the material relaxation proceeds [2] .
Others have shown that increasing the residual TDD lowers the performance of the solar cell (for example, see [3] and [4] ). A TDD of ∼1 × 10 5 cm −2 is usually taken as the figure below which the performance of solar cells with typical thickness of ∼3 μm is not limited by the TD [3] . This residual TDD has been difficult to achieve in practice, and TDDs in the range of 1 × 10 6 -1 × 10 7 cm −2 are typical in solar cell applications [5] [6] [7] [8] . Inverted-metamorphic four-junction solar cell technology is under development, with an impressive progress in recent years, and achieving so far conversion efficiencies ∼45% under concentrated light [9] . The structure of these solar cell devices is schematically shown in Fig. 1 . It comprises four subcells grown monolithically on a GaAs substrate. The two top subcells are made of GaInP and GaAs grown lattice-matched to the substrate. The two bottom subcells are made of Ga 0.73 In 0. 27 As and Ga 0.47 In 0.53 As, which produce bandgaps of ∼1 and ∼0.7 eV, respectively, and are independently lattice-mismatched to the substrate by using two CGBs. In this paper, we present recent progress on these metamorphic junctions for four-junction solar cells at NREL. We show high-quality 1-and 0.7-eV metamorphic solar cells (with the structure shown in Fig. 2 ) with internal radiative efficiencies >90% and >50%, respectively. Then, we assess the performance potential of these cells and identify pathways for future improvements.
II. RECENT PROGRESS ON METAMORPHIC JUNCTIONS
Metamorphic CGBs are commonly used to access the lattice constants of desirable materials and material properties. The composition of the material (or materials) in the CGB is slowly varied so that strain energy accumulates. As a critical thickness is surpassed, relaxation starts to occur by the nucleation and glide of dislocations. The relaxation dynamics can be engineered by changing the strain profile of the CGBs. The residual TDD at the end of a CGB is minimized if the nucleation of dislocations is minimized and dislocation glide is maximized. A kinetic model exists that describes the effect of growth conditions and CGB structure on dislocation glide and the expected residual TDD in an ideal CGB [2] . However, in practice, many factors are at play that hinder the glide of TDs and force the nucleation of new dislocations, giving rise to higher residual TDD. Among these factors are imperfections in the material such as impurities, surface roughness, compositional fluctuations, etc.
Single-domain CuPt B ordering in GaInP was recently found to enhance the glide and modify the glide plane distribution of TD in GaInP-based CGBs [10] , [11] . Dislocations gliding across the ordered planes form antiphase boundaries that disrupt the ordering pattern [10] . These antiphase boundaries are energetically favorable, and therefore, glide through the ordered planes is enhanced. Therefore, using highly ordered material in CGBs should result in a lower residual TDD. Knowledge of this effect has been utilized to achieve high-quality GaInP-based CGBs for GaInAs subcells in three-junction and four-junction solar cells, which are explained in next subsections.
A. Experimental Details
The development of metamorphic semiconductor structures (see Fig. 2 ) for multijunction solar cells presented in this paper is carried out by metal-organic vapor phase epitaxy (MOVPE) technique. A custom-made atmospheric-pressure reactor is used, with AsH 3 , PH 3 , TMGa, TMIn, and TMAl as main constituent precursors, and DMZn and Si 2 H 4 as dopant precursors. The miscut toward (1 1 1)B plane of the GaAs substrates used ranges from 2°to 6°. In-situ curvature measurements were performed using a 2-D k-Space Associates multibeam optical stress sensor, to calculate the real-time stress evolution in the structure. The semiconductor structures are grown inverted, and their preparation for characterization or for fabrication of solar cell devices involves the removal of the substrate, as described elsewhere [6] .
High-resolution X-ray diffraction (XRD) was performed using a Panalytical X-pert Pro with a Ge 4-bounce (0 0 4) hybrid monochromator and a PIXcel area detector. Reciprocal space maps (RSMs) of the symmetric (0 0 4) and asymmetric (2 2 4) reflections was carried out to measure the in-plane and out-ofplane lattice constants in the layers. The RSM for the symmetric reflection was also used to measure the layer tilt, with X-rays incident in the (1 1 0) plane.
Electron-beam induced current (EBIC) maps, taken using a JEOL JSM-5800 scanning electron microscope, were used to measure the TDD. The surface roughness was characterized as the root-mean-squared of 100 μm × 100 μm atomic force microscopy (AFM) scans taken using the tapping mode of a Veeco Dimension 3100 AFM system. Quantum efficiency (QE) measurements were taken using a custom-built system equipped with a calibrated detector to measure the specular reflectivity and calculate the internal QE. I-V curves were obtained using a Xe-lamp-based solar simulator, using calibrated reference solar cells to calculate the spectral mismatch factors and set up the system at 1-sun equivalent irradiance. The external luminescence efficiency was obtained by electroluminescence (EL) measurements taken using a fiberoptic system with a Spectral Evolution spectroradiometer, and the total emission flux is calculated assuming a Lambertian emission pattern in the solar cells and using a reference Lambertian Spectralon sample, as explained elsewhere [12] , [13] . 27 As solar cells are used as the third junction in three-junction and four-junction inverted metamorphic solar cells (see Fig. 1 ). The lattice constant misfit of this material with respect to the GaAs substrate is ∼2%. A typical CGB structure used to access the lattice constant of Ga 0.73 In 0.27 As is shown in Fig. 3 . It comprises a graded layer, an overshoot layer, and a window layer. In the graded layer, the composition is changed in a stepped fashion at an average rate of ∼0.95%/μm. The role of the overshoot layer is to bring the in-plane lattice constant of the CGB to the desired subcell relaxed lattice constant in order to achieve strain-free growth of the thick layers in the subcell [14] , [15] . Finally, a window layer is grown before the solar cell absorber layers to serve as minority carrier confinement, and also to separate the photoactive layers from the layers containing misfit dislocations [14] . During development of the CGBs, we use thick overshoot and window layers (around 1 μm) as a conservative measure, but their thickness can be reduced [16] . The grade is more sensitive to thickness variations, since relaxation dynamics depend on the grade rate. However, we demonstrated that its thickness can be reduced from 2 to 1 μm by engineering the misfit profile without compromising the performance of the solar cells. A misfit step jump was inserted at the beginning of the thin grade to induce the early relaxation of the structure. This encourages earlier and greater relaxation of the initial layers and reduces the CGB effective grade rate for a fixed buffer thickness. We presented 1-eV Ga 0.73 In 0.27 As solar cells grown on GaAs substrates with TDD ∼2 × 10 6 cm −2 and open-circuit voltages (V oc ) similar to cells with thick CGBs [7] .
B. 1-eV Ga
In this work, we present new strategies to create GaInP CGBs by considering ordering, phase separation, surface roughness, and dislocation dynamics altogether [2] , [11] , [17] , [18] . In GaInP CGBs, surface roughness and compositional modulation due to phase separation reduce the TD glide and increase residual TDD. The partial pressure of PH 3 used during growth of the CGB was found to influence the surface roughness. Higher pressures give rise to lower surface roughness [18] . Higher PH 3 partial pressure reduces surface adatom diffusion, which kinetically limits any phase separation or roughness increase. Phase separation is also dependent on the growth temperature. Using low growth temperatures (<600°C) kinetically limits phase separation but exponentially decreases the dislocation glide velocity, giving rise to high TDD [17] . Using high growth temperatures (>750°C) may entropically reduce phase separation, but can bring about other problems such as an excessive thermal load to the rest of the semiconductor structure of the multijunction solar cell. Other parameters such as the substrate orientation [17] , [19] , the growth rate [20] , or the surface diffusivity [17] influence phase separation. Atomic ordering is also highly sensitive to growth conditions. Growth temperature, growth rate, substrate orientation, V/III ratio, and surfactants all influence atomic ordering [21] . Therefore, we are interested in maximizing atomic ordering while minimizing phase separation, limiting surface roughness, and still maintaining high dislocation velocity by using a relatively high growth temperature.
Considering these properties, we designed a new CGB aiming to enhance TD glide and reduce the final TDD. In the new design, the partial pressure of PH 3 (∼40 mbar) and growth rate (∼7 μm/h) are kept high in order to kinetically suppress phase separation and minimize surface roughening. Under these conditions, we find that 725°C maximizes atomic ordering (observed by TEM, not shown) and is also beneficial for dislocation dynamics. Here, a variable temperature (675-725°C) is used throughout the CGB grade growth such that the lowest temperatures correspond to the highest indium contents. Lowering the temperature throughout the grade was found necessary to limit roughness increase. The misfit profile used is similar to that shown in Fig. 3 , with eight steps in the grade, and overshoot and window layers. A misfit step jump of ∼−0.5% at the beginning was also used for the advantages explained above. The total grade thickness was kept at 2 μm, but thinning it to 1 μm is planned in the future.
The characterization of these new CGBs was carried out on structures containing the CGB + 1-eV solar cell, depicted in Fig. 2 . The polarity of the structure is n-on-p. Traditional solar cell structures contain an absorber layer comprising a thin emitter and a thick base. The newer solar cells presented in this work utilize an absorber layer where the n/p junction is placed right at the front or back of the absorber layer, forming a GaInP/GaInAs structure with the window or the BSF. The purpose of this structure is to minimize the depletion region recombination by placing most of it in a higher bandgap layer (window or BSF), as demonstrated previously in GaInP solar cells [12] . We found that the least depletion region recombination was observed when the junction was placed at the back of the absorber, i.e., when p-side of the depletion region is in the GaInP BSF. In addition to this, minority carrier lifetimes in n-type absorbers were observed to be higher than in p-type absorbers, as will be shown later in this paper.
In Fig. 4 , we show an RSM of the (0 0 4) reflection from (1 1 0) incidence (perpendicular to the substrate miscut steps), of one of these solar cells. The eight layers in the grade, with a misfit jump at the beginning, can be observed, as well as the overshoot and window + cell structures. The strong epilayer rotation is caused by the preferential glide of dislocations through (1 -1 1) planes in ordered GaInP [11] . The inset EBIC image was measured on this cell and illustrates the very low TDD achieved. A TDD ∼5 × 10 5 cm −2 was obtained as the average of the TDD in multiple EBIC images.
Minority carrier lifetime measurements were carried out on single polarity samples, which consist on the same structure as shown in Fig. 2 , but with the window and BSF layers the same polarity as the absorber. These structures are used instead of an actual solar cell with a p-n junction in order to minimize electric fields in the structure that could cause charge separation and influence the lifetime measurement. Microphotoconductancedecay technique (μ-PCD) was primarily used and the results are presented here, although preliminary time-resolved photoluminescence (TRPL) measurements were also carried out [22] . The sample's photoconductivity due to excess carriers is characterized by monitoring the microwave power that is reflected from the front side of the sample. A microwave signal generator produces a 20-GHz signal that propagates through a directional coupler and waveguide and is directed onto the sample. Photoconductivity-induced reflected power during each laser pulse is detected after the directional coupler and rectified using a diode detector. A Q-switched Nd:YAG with OPO was used for this technique. Conversely to the TRPL technique, the excitation laser does not interfere with the measurement; therefore, the laser could be tuned to 1200 nm, around the bandedge of the sample absorber material. The uncertainty of the measurement is estimated to be 5-10%, and the results were found to be repeatable when taken at different positions of the sample. The excited carrier density was around 1 × 10 16 cm −3 and was determined by the laser setup available at the moment.
A thorough study of the minority carrier lifetime using different absorber thicknesses to be able to separate the interface and bulk recombination is underway. Here, we only show the measurement results for a constant absorber thickness of 2.5 μm, for n and p-type samples, obtained using the experimental conditions explained above. The doping levels chosen for the samples are those used normally in the junction of the solar cells, for the n-side (emitter) and p-side (base). The results are summarized in Table I . These lifetimes are comparable with the minority carrier lifetimes measured on high-quality GaAs at NREL, indicating very high quality material despite the 2% lattice mismatch [23] . The reason why the n-type structures exhibit a higher minority carrier lifetime, despite having an order of magnitude higher doping level, has not yet been investigated. Higher hole lifetimes than electron lifetimes were obtained also by preliminary TRPL measurements (not shown). Most of the literature available reporting minority carrier lifetimes in GaInAs material corresponds to Ga 0.47 In 0.53 As lattice matched to InP and does not show a higher hole lifetime than electron lifetime, for the same doping levels used in this work [24] . In [4] , the minority carrier lifetime in metamorphic GaAs grown on SiGe substrates with TDDs including 1 × 10 6 cm −2 as in our Ga 0.73 In 0.27 As material is studied. The higher mobility of electrons is shown to give rise to a lower lifetime in p-type material due to a higher carrierdislocation interaction, i.e., a higher sensitivity to dislocations. This could also explain our observations for the metamorphic Ga 0.73 In 0.27 As material, but the experiments confirming this have yet to be carried out.
The external QE of the solar cell structures and the absorption coefficient of the material were also measured and show a near 100% carrier collection efficiency (not shown for brevity). However, the carrier collection efficiency is less sensitive to the TDD than other performance parameters, and previous 1-eV cell designs already exhibited very good carrier collection efficiencies [7] .
The offset between the bandgap voltage and the open-circuit voltage, Eg/q − V oc (also termed as W oc ), only slowly varies with the bandgap and therefore is useful to compare the quality of the material [25] . Table II shows a summary of the evolution in the W oc of our Ga 0.73 In 0. 27 As solar cells as the growth conditions of the CGBs used, and the junction position, are changed. The W oc changes with the photocurrent; therefore, the W oc values shown were all measured at 1-sun irradiance conditions in each cell. As can be observed, the growth conditions that produce less phase separation, higher ordering, and higher dislocation velocity give rise to a lower W oc . In the most recent designs, the position of the junction plays also an important role. Comparing these results with the literature is elusive, given the scarcity of data published, particularly for this GaInAs composition. In [26] , a range of GaInAs compositions grown on Ge using AlGaInAs-based CGBs are explored, expanding to up to 2.4% lattice mismatch. The W oc reported are higher than 0.4 V. The last data point in Table II corresponds to a lattice-matched 1-eV GaInAsP cell and is shown to illustrate how the photovoltaic (PV) quality of current highly lattice-mismatched cells is approaching that of lattice matched devices.
The new design presented here was further analyzed by measuring the internal and external luminescence efficiencies (η int and η ext ). η int is the ratio of internal photon emission rate (radiative recombination) to the total carrier recombination rate, and η ext is the ratio of externally emitted photon rate to the total carrier recombination rate [13] . Both η int and η ext are useful for the assessment of the solar cell performance because they are directly linked to the electro-optical quality and do not depend directly on the bandgap: η int is a direct measure of the electronic quality of the junction, while η ext represents both the electronic quality and the ability of the optical design to extract the emitted light, both of which determine the V oc [27] .
The η ext is measured by EL, while the η int can be obtained from the η ext and the optical model of the semiconductor structure, generated using the measured optical constants of each layer [13] , [23] . In Fig. 5 , the η int and η ext obtained are plotted for these 1-eV cells, as well as for 0.7-eV cells explained in next section, against the current density. The electronic quality of the cells improves as the injected current increases, as observed before for other III-V solar cells [12] , [23] , [28] . This is due to a reduced weight of the depletion region recombination as the current injection increases, as well as to a higher radiative to nonradiative neutral region recombination ratio. For the 1-eV cells, η int reaches a value of 0.9 at the highest current density tested (limited by the measurement instruments), which corresponds to around 600-sun equivalent light concentration. This can be compared with the highest η int achieved in latticematched GaAs, (∼0.98 [29] ). At this high η int , photon recycling effects start to be significant [27] , and the advantage of raising the performance of the solar cell can be taken, as shown in Section III.
C. 0.7-eV Ga 0.47 In 0.53 As Solar Cells Grown on GaAs Substrates
High-quality ∼0.7-eV Ga 0.47 In 0.53 As solar cells grown on GaAs substrates (lattice misfit ∼4%) have also been developed and are an essential part in the recent advance of four-junction solar cells [28] , [30] , which exhibit PV conversion efficiencies of ∼45% [9] . The lattice misfit of this material with respect to the GaAs substrate is large (∼4%), and CGBs are also used to access the lattice constant of Ga 0.47 In 0.53 As. Note that this lattice constant is very similar to the lattice constant of the binary InP. Other authors have presented works in which InP templates grown on GaAs were developed by way of CGBs based on the GaInAs, GaInP, and GaAsSb materials [17] , [31] . Phase separation becomes a major issue in indium-containing CGBs near the middle of the composition range. The MOVPE growth conditions space is explored in these works to minimize it, and CGBs using both GaInAs and GaInP at the optimum growth conditions that minimize phase separation in these materials are developed. They obtained an outstanding result, with TDD slightly above 1 × 10 6 cm −2 . We have investigated ordered GaInP-based CGBs for Ga 0.47 In 0.53 As grown on GaAs substrates [6] . As explained in the previous section, single-domain CuPt B ordering can be utilized as an additional driver of dislocation glide, as demonstrated for 1-eV Ga 0.73 In 0.27 As. However, as the indium composition in GaInP is increased, the maximum ordering attainable decreases. We found that at an indium composition of ∼0.9, the distribution of dislocation gliding planes changed from 100% gliding on the (1 -1 1) plane to ∼60% gliding also on the opposite (−1 1 1) plane, as the driving force from ordering to preferentially glide through (1 -1 1) planes lowers, and is overcome by the natural preference to glide on (−1 1 1) planes from the substrate miscut [11] . This is evidenced by a sharp change in the tilt evolution in the RSM of the symmetric (0 0 4) reflection, as shown in Fig. 6 for a Ga 0.47 In 0.53 As solar cell structure with this kind of CGB. We observed an increase in TDD associated with this glide plane switch, leading to a high TDD of >1 × 10 7 cm −2 in 4-μm-thick CGBs. Using ordered GaInAs in the last section of the CGB was attempted, in order to prevent this glide plane switch. Although dislocation glide was kept largely in the (1 -1 1) plane [11] , no better TDD was obtained, probably due to the effect of phase separation occurring for the growth conditions required to obtain ordered GaInAs. A more successful approach consisted on decreasing the grade rate around the composition of glide plane switch, by making the CGB thicker. By doubling the total thickness, the TDD in the CGB was decreased to 2 × 10 6 cm −2 (see inset in Fig. 6 ). The improvement of these CGBs is an ongoing effort.
The best W oc achieved so far in Ga 0.47 In 0.53 As cells grown on GaAs is ∼0.39 V [28] . The η int and η ext of one of these cells are shown in Fig. 5 . The η int at 1-sun equivalent current density is ∼25%, and it increases over 50% for the highest current density tested. Although these numbers can be considered good for the high lattice-mismatch in these cells, there is still a significant room for improvement, as can be deduced from their comparison with the data for the 1-eV Ga 0.73 In 0.27 As. The potential for improvement is studied in the next section.
III. POTENTIAL
Using the same electrooptical model described in Section II-B, the performance potential of these metamorphic solar cells was assessed. The focus was put on the V oc . The V oc depends primarily on the electronic properties of the solar cell. However, when the electronic quality is high enough, the optics of the solar cell semiconductor structure also plays an important role because they determine the photon recycling [27] . Eliminating all sources of parasitic absorption of reemitted photons in high electronic quality (high η int ) solar cells can significantly boost the V oc to approach the detailed-balance limit efficiency. A primary source of parasitic photon absorption and loss is the substrate or any layer with a bandgap smaller than in the solar cell absorber. The angle-integrated reflectance at the back of the solar cell is the most accessible knob in the optical structure to modify the photon recycling [23] . For single-junction solar cells, it can be varied by modifying the properties of the back reflector and absorbing back layers in the semiconductor structure. In a multijunction solar cell, the ability to tweak the back reflectance in each subcell depends on the possibility of placing a reflector structure at the back of the subcell [32] [33] [34] .
In Fig. 7 , the V oc of the 1-and 0.7-eV cells examined in this paper is plotted against the back angle-integrated reflectance (R back ), for different values of η int . The V oc shown corresponds to a current density of 8.3 A/cm 2 , which is approximately 600 suns of equivalent light concentration. In these plots, the data point corresponding to current experimental cell results is shown as a filled square marker.
In the case of the 1-eV cell (top graph), the material quality is high enough (η int ≈ 0.9; see Fig. 5 ) to see significant gains in V oc if R back is increased. The circular marker indicates the V oc that can be achieved when eliminating the absorption of luminescence in the back contact layer (see Fig. 2 ), for example, by using a higher bandgap material such as AlGaInAs, boosting R back from 85% to 96%. The V oc increases by ∼10 mV. The empty square symbol indicates the V oc of the device when placed in a four-junction solar cell with a 0.7-eV subcell below and no reflector in between. In this case, R back is only 34%. Placing a reflector at the back of the 1-eV cell in the four-junction structure to raise the 1-eV subcell R back would lead to a ∼20 mV V oc boost. This can be a challenging task, but efforts have been conducted to achieve high R back in the subcells of multijunction solar cell structures with promising results [33] , [34] .
Analyzing the potential gains by increasing the η int is also interesting. In the case of the cell with a high R back , the V oc can be increased by as much as 60 mV if the η int is increased from 0.9 to 1.0. Increasing the η int all the way up to 1.0 in a single-junction metamorphic Ga 0.73 In 0.27 As cell would be challenging, but there is still room for improvement of the material quality to attain higher η int . In the case of the 1-eV subcell in the four-junction structure, with low R back , the potential V oc gain by increasing the η int is much lower. This suggests that, for the conventional four-junction solar cell structures without back reflectors, it may not be worth the effort to improve the electronic quality of the 1-eV metamorphic junction any further.
As for the 0.7-eV subcell (bottom graph), the expected gains when improving the back reflectance, represented by the circular marker, are negligible as a consequence of the much lower internal luminescence efficiency (η int ≈ 0.5; see Fig. 5 ). In this subcell, the priority is increasing the η int by improving the quality of the CGB, as commented in the previous section. Once η int achieves values over 0.9, efforts can be directed toward boosting the photon recycling. An advantage of this subcell is the fact that it is the bottom cell in the four-junction cell structure; therefore, its back is easily accessible to implement high R int reflectors to significantly boost the photon recycling. This fact is encouraging toward achieving high enough η int in these highly mismatched subcells, which is an ongoing and challenging work.
IV. SUMMARY AND CONCLUSION
High-performance GaInAs metamorphic junctions have been achieved recently by the development of high-quality CGB structures. Enhancing dislocation movement and reducing compositional fluctuations due to phase separation have been the major drivers. We have shown 1-eV cells with residual threading dislocation densities ∼5 × 10 5 cm −2 and internal luminescence efficiencies over 90%, which is high enough material quality to have significant photon recycling effects. The electro-optical model used indicates V oc gains in these cells by improving their optics. On the other hand, improving the material quality for 1-eV cells in a four-junction without back reflectors in the subcells is expected to produce much lower V oc gains. Conversely, the internal luminescence efficiency of 0.7-eV subcells is not yet high enough to benefit from photon recycling, and the focus is put on the electronic quality for their development. Overall, these results show that very high performance metamorphic junctions can be achieved, and further development of their electro-optical properties provides a realizable path for significant improvements in the conversion efficiency of four-junction solar cells.
